Abstract. In the process of fluvial reservoirs development, bottom water coning leads to the problem of increasing water cut and low oil production. There are still significant amount of remaining oil in the upper layers of reservoirs after long-term waterflood. Drilling one or more lateral drainholes near the top of the formation is the main acceptable enhance oil recovery techniques to unlock additional recoverable reserves, but the microscopic oil movement in pores of different sizes is unclear. Nuclear magnetic resonance (NMR) is an effective way for analyzing pore structures and quantifying oil saturation in the rock matrix. In this paper, three-dimension physical model experiment was performed to evaluate the distribution and movement of oil in pores. During the water flooding progress, oil in large-medium pores was displaced first. After further displacement, oil in small pores begin to be produced. The oil recovery of small pores was even larger than the medium and large pores in the later stage of waterflood because of imbibition effect. The ultimate recovery of large pore in both top and bottom formation was almost the same, while the ultimate recovery of small pores varied with the degree of displacement. Substantial amount of remaining oil existed in the upper layer and in the small-medium pore of bottom layer after long-term waterflood.
Introduction
Fluvial reservoir is one of main reservoir types. The permeability of upper layers is usually low, and the permeability of bottom layers is usually high. After long-term waterflood, watered out will be the common problem. The injected water slumps downward in the permeable formation and sweeps only the lower part. The remaining oil is usually enriched in the top layers at high water-cut stage [1] . Several experimental techniques have been proposed to describe the remaining oil distribution. Cast thin sections of a reservoir core is one of the traditional method [2] , but this method damages reservoir cores while obtaining slices. Another widely used experimental technique is to use a micro-visualized model instead of a reservoir core to simulate a displacement process as well as the distribution of remaining oil [3] . However, the influence of interstitial matter on the distribution of residual oil cannot be taken into consideration. X-ray computed tomography is often used to detect the rock matrix, but it is not sensitive to fluid changes in cores [4] . Numerical simulations require some assumptions to achieve mathematical completeness, and some of the parameters are uncertain [5] . NMR is an accurate, quick, non-destructive technology for core testing [6] . The signals in NMR measurement received only from fluids in pores. The hydrocarbons can be distinguished from brine which doped with paramagnetic ions because the signals from brine are shield, so that the signals only come from oil. NMR transverse relaxation time (T2) represents the fluid content in the pores of different sizes. The shorter T2 relaxation time corresponds to the smaller pores, and vice versa [7] . Through the T2 distribution analysis, the residual oil distributions in pores of different sizes are quantified, and the accurate oil saturation can be calculated to investigate the oil displacement process in pores of different sizes.
In our study, low-field NMR technology was used to evaluate the oil movement and residual oil distribution in pores of different sizes after horizontal producer development and gel treatment. The results could be used to provide theoretical basis for subsequent adjustment of long-term waterflood fluvial reservoirs.
NMR Technique Principle and Application
NMR is a non-destructive analytical method to detect and character hydrocarbons in reservoir. NMR signals come from hydrogen atoms. More hydrogen atoms bring contribute to stronger signals [8] . Because the hydrogen atoms exist in both water and hydrocarbons, it is difficult to distinguish NMR signals from water and oil phases (especially light oil). In order to separate oil-phase signals from mixed signals, the core slugs are doped in a paramagnetic solution [9] . Paramagnetic ions are able to diffuse into the core samples. NMR T2 signals from the water phase reduce below the dead time of NMR, while the signals from oil remain detectable without any loss. In this experiment, Additional Mn 2+ ions in the brines were paramagnetic ions. Previous studies showed that the relation between the NMR T2 relaxation time and pore sizes is as follow [10] : (1) where S/V is the specific pore surface area per volume which is inversely correlated with the pore diameter, μm; T2 is transverse relaxation time, ms; ρ is interfacial relaxivity determined by the mineral constituents and surficial properties of the pores, ms/μm. In this experiment, when ρ is 1.71 ms/μm, the pore radius distribution curve and conventional mercury curve fit well.
According to the analysis, the small pores (less than 2 μm) were defined as the pores with T2 less than 10 ms, the medium pores (2-20 μm) were defined as the pores with T2 between 10 ms and 100 ms, and the large pores (more than 20 μm) were defined as the pores with T2 longer than 100 ms.
Horizontal Producer Experiment using NMR
This experiment was used to study the oil displacement process and residual oil distribution of fluvial positive rhythm reservoir at pore scale after long-term waterflood with horizontal well.
Laboratorial Model and Fluid Properties. A three-dimensional physical model was generated by cemented sand. The model based on the characteristics of positive rhythm reservoir. Figure 1 shows the schematic diagram of the plate model. The model was 30cm * 26cm *4.5cm, wrapping by epoxy resin outside. It was composed of three layers. Each layer was 1.5cm in thickness. The model was vertically heterogeneous and horizontally homogeneous. One horizontal producer, two vertical producers and two vertical injectors were fixed in the model. The vertical producers penetrated all three layers and the horizontal well was in the middle of top layer. The oil was 26mPa•s in viscosity and 0.88g/cm 3 in density (20°C), which was same to the viscosity and density of reservoir crude oil in M-1 block. The brines used here was MnCl2 solution with Mn 2+ concentration was 15000mg/L. It could kill the water signal so that only oil can be detected. 6. In procedure 4-5, NMR analyzer was used to measure the transverse relaxation time (T2) for each flooding state.
Results and Analysis. Figure 2 shows the NMR T2 distribution results. Because the water signal is "killed" by MnCl2, the curve envelope area only indicates the oil saturation. We can see that the oil saturation was still comparatively high after vertical well waterflood (fw=95%). Moreover, the displacement rate of movable oil gets slower over time. After shutting off vertical well and opening horizontal well, the oil saturation reduced very fast at first. Compare with vertical well development, horizontal well has more production during high water-cut stage (fw>80%).
Fig.2 T2 Distribution for Horizontal Producer Experiment
The oil recovery of different pore size can also be calculated by envelope area of T2 spectrum curve. Lots of samples were drilled from physical model after horizontal well development. The oil recovery of different pore size and different layers is shown in Figure 3 and Table 1 . The result shows that at high water cut stage (fw=95%), the oil recovery of large-mid pores is almost the same (the average is about 51%), it would not change much with the sample displacement extent. However, the oil recovery of small pores changed a lot with the displacement extent of sample. This is due to the fact that the crude oil in the large-medium pore in the water flooding is preferentially displaced. When the degree of displacement is low (the oil recovery of sample is less than 40%), oil recovery of small pores close to 0. After further displacement (the oil recovery of sample is about 40% ~ 48%), oil recovery of small pore increases. In the late stage of the study (the oil recovery of sample is larger than 48%), the average oil recovery of small pores is about 58%, which is higher than the average oil recovery of large-medium pores (about 52% in this experiment). This is because after a long period of water flooding, the small pores inhale formation water through the role of infiltration as capillary, and the oil is replaced. Thus the oil recovery of small pore is higher than the average oil recovery of large-medium pores. We can also see that the remaining oil is still enriched in the low permeability layer and in the small-medium pore of mid permeability layer.
Conclusions
The crude oil in the large-medium pores in the water flooding is preferentially displaced. The ultimate recovery of large pore in both top and bottom formation is almost the same.
When the reservoir is developed to a certain extent (oil recovery in the experiment was 40%), the crude oil in the small pores starts to be moved. With further development, the average oil recovery of small pores is even higher than the average oil recovery of large-medium pores due to infiltration. The ultimate recovery of small pores varies with the degree of displacement.
After long-term displacement, substantial amount of remaining oil exists in the low permeability layer and in the small-medium pore of mid permeability layer.
